The elucidation of entropic contribution to enzyme catalysis has been debated over decades. The recent experimentally measured activation enthalpy and entropy, for chorismate rearrangement reaction in PchB brings up a hotly debated issue whether the chorismate mutase catalyzed reaction is entropy-driven reaction. 
INTRODUCTION
The role of entropy to catalysis has been widely investigated. Commonly the entropy is interpreted in terms of a loss of translational and rotational motions of substrate when it passes from reactant to transition state (TS). In water, the entropy loss is from either the ordering of reactant or reorganizing of water.
Correspondingly, enzyme either pays entropy penalty by ordering substrate or preorganizing active site in comparison with reaction in water. Enzyme can bind their substrate tightly before catalyzed reaction. It has been accepted that enzyme has already paid for the translational and rotational entropy during binding to achieve high efficiency as pointed by Page and Jencks [1] [2] . The activation barrier is mainly reduced from favorable entropy change. However, Bruice and Warshel have shown that activation barrier was dominated by reduction of enthalpy ∆H ‡ rather than entropy -TΔS ‡ . [3] [4] The key contribution of catalysis is actually the transition state stabilization (TSS) [4] [5] [6] , in which TS is stabilized by electrostatic interaction from active site residues 4, 7 . Dominant electrostatic interactions imply that enthalpy contribution is critical to the CM catalysis. These arguments make it attractive to directly delineate the magnitude of entropy contributes to the catalysis by quantitative method. Previous theoretical studies have exclusively focused on the entropy of substrate. In condensed phase, huge number of degrees of freedom is involved in the enzymatic reactions. Åqvist has made great progress in computer calculation of activation entropy by including contributions from solvent and protein which have been dismissed in previous reports [8] [9] [10] . From extensive MD simulations, Åqvist found that the calculated thermodynamic activation parameters are in remarkable agreement with experimental results. 8 The computed activation entropy scheme proposed by Åqvist makes it possible to directly compute activation entropy from simulations.
4
The rearrangement of chorismate to prephenate catalyzed by chorismate mutases (CMs), a key step in the biosynthesis of phenylalanine and tyrosine, is a widely investigated enzymatic reaction (Scheme 1). In addition to CMs catalyzed reaction, "isochorismate-pyruvate lyase from Pseudomonas aeruginosa", designated as PchB, also shows chorismate mutase activity. Different from the traditional, high-specificity functional enzymes, PchB shows capability of catalyzing the primary reaction of conversion isochorismate into pyruvate, and catalyzing secondary reaction of transforming chorismate into prephenate as described in Scheme 1. [11] [12] [13] [14] Promiscuous enzymes display more conformational flexibility than their more evolved, highly selective counterparts. [15] [16] [17] This promiscuous activity has attracted experimental and theoretical studies to improve its secondary activity by mutations. [18] [19] [20] Clarifying the entropic penalty thus becomes necessary to improve its secondary activity of PchB. However, the recently experimental activation enthalpy and entropy, for chorismate rearrangement reaction in PchB, 21 invokes much debate. No consistent conclusion has been made that how much the entropic contribution to catalysis because the measured entropy takes up different proportion in the reduced energy barrier for different CMs catalyzed reactions. [21] [22] [23] [24] The controversy surrounding the relative importance of enthalpy and entropy in PchB catalysis has not yet been resolved, despite available experimental and theoretical studies. [20] [21] Structural analysis indicates that most of important catalytic residues of PchB are identical to those of EcCM, such as two highly charged arginine residues 25 . Thermodynamic parameters obtained in recent kinetic experiments state that EcCM cause less entropy change, 22 while PchB needs a relative large entropy change. 21 The crystal structure cannot provide enough clues to explain the large measured entropy change. 21, 26 In this study we focus on the enthalpy and entropy change of the PchB-catalyzed reaction. Decomposition of the free energy into enthalpy and entropy contribution was used to illustrate thermodynamic contribution (ΔH ‡ ) to TS stabilization and activation entropy (ΔS ‡ ) from energetic view. As stated by Warshel, simulations for enzyme catalyzed reaction still lacks complete configurational sampling to confirm the reaction mechanism using QM/MM approaches. 4 From recent work of Åqvist, microsecond simulations using EVB method can be used to get remarkably accurate entropy value [8] [9] . Extensive sampling is important to guarantee the accuracy of entropy calculation. Validation this scheme using QM/MM method without optimizing parameters has not been performed so far because of huge computational cost. Herein, we use SCC-DFTB method to 6 calculate the activation entropy contribution at 4.9 μs timescale (close to Åqvist's simulation time 10 μs).
In this contribution, we first discuss conformations of chorismate in water and in PchB; then the activation energy change of the reaction and structural details are presented. The entropy changes in both conformation change process (ΔS c ) and reaction process (ΔS ‡ ) are computed using QM/MM MD simulations.
RESULTS

Chorismate Conformational Change
Nuclear magnetic resonance (NMR) studies have shown two dominant conformations of chorismate in solution, pseudo-diequatorial and pseudo-diaxial conformations. 32 The equilibrium among different states at different semiempirical quantum levels has been extensively discussed in previous reports.
33-34
The dihedral C3-O7-C8-C9 and dihedral C2-C3-O7-C8 have been used to distinguish different conformations. Figure 1 shows the dihedral changes during QM/MM MD simulations when chorismate is treated with SCC-DFTB level. [35] [36] The representative structures and free energy landscape of chorismate in water are shown in Figure S1 , S2 and Table S1 . In PchB, no transition has been observed for the binding chorismate in the 10 ns QM/MM MD simulation.
This conformational change of chorismate after binding actually has been reported in both yeast CM and BsCM, whcih can bind the prevalent nonreactive substrate in pseudodiaxial conformation, and transform them into the reactive state in chairlike pseudodiaxial conformation before the chemical reaction. [29] [30] [31] The same reaction coordinate has been used to show this conformational change in PchB as shown in Figure S3 .
By scanning the free energy change along the C3-O7-C8-C9 dihedral, two minima are determined from the PMF plot for the substrate in water and in PchB as shown in Figure 2A . forming hydrogen bonds with Arg14(B) (Arg14 from chain B). In the active site, the ring of chorismate rotates in a slight angle to adopt its new position as described in Figure 2C and 2D at the meantime the enzyme will keep its structure 8 revealed from RMSD in Figure S4 . Arg31, Arg14 (from chain B) and Lys42 together contribute to form reactive state of chorismate in PchB, as revealed from MD representative structures. The chorismate is compressed into an ordered state in the active site of the PchB due to restricted space and favorable interaction.
Similar to yeast CM and BsCM, [29] [30] PchB can bind unreactive chorismate in solution. To confirm this idea, the whole reaction process has been estimated using short MD simulations with simulation time of 100 ps for each umbrella windows. The PMF profiles in Figure 3 shows that the existence of state R1 and R2 is important to construct the whole process. PchB transforms uncompressed state into reactive state in a following step of enzymatic reaction. This step may contribute entropy change, which has been ignored.
For this processes (R1R2), the entropy can be estimated using Quasi-harmonic analysis (QHA) and Schlitter formula, which has been extensively examined.
37-39
The entropy calculated from Schlitter's formula 38 provides an alternative way to estimate entropy despite of overestimation of entropy change. 51 The estimated configurational entropy is −10.5 cal/mol/K for preorganization step when chorismate changes from uncompressed state to compressed state in the active site of PchB.
Free Energy of Reaction Catalyzed by PchB
The free energy calculation has been carried out by using B3LYP/6-31G ( Table 1 ). The lower activation energy barrier than experimental value is due to the electron tight binding in the SCC-DFTB method for this system. 42 The statistical error calculated from multiple simulations is below 2% among 20 replicas in SCC-DFTB/MM simulations ( Table 1 ). The enzymatic reaction shows free activation energy 3.5 kcal/mol lower than that of the uncatalyzed reaction. This free energy difference is closer to the experimental value than a previous reported value at the AM1 level (3.5 kcal/mol vs. 2.3 kcal/mol) 20 .
Activation Entropy
The enthalpy change is thermodynamics contribution of the TS stabilization, while entropy change is the thermodynamics contribution from dynamics fluctuation when Michaelis complex converts to TS/enzyme complex. To calculate activation entropy, the convergence of error associated with ΔG ‡ should be less than 0.2 kcal/mol 8, 10 and this requirement has been achieved within 500 ps as shown in Figure S5 . Decomposition of the total reduced 3. activation entropy is derived from free energy difference at different temperature and the systematic error can be removed. 43 Clearly, the activation entropy indicates that the activation entropy of the enzymatic reaction is smaller than that of the corresponding reaction in solution. This is consistent with a previous hypothesis. 21 The total reduced 3.5 kcal/mol free energy barrier (ΔΔG ‡ ) can be decomposed into 2.1 kcal/mol for the enthalpy contribution (ΔΔH ‡ ) and 1.4
kcal/mol for the entropy contribution (-Δ(TΔS ‡ )).
The conformation change from R2 to TS in PchB is smaller than that of the uncatalyzed reaction. The average distance and dihedral of the TS and RS are analyzed and summarized in Table 2 . A significant difference in conformation changes exists between the reactions in water and in PchB. The C3-O7 distances (bond breakage) in the RS are 1.49 and 1.51 Å in water and in the enzyme, respectively. Hydrogen-bonding or electrostatic interaction between O7 and Gln90 and Lys42 can stabilize the breaking C3-O7 bond. In contrast, the C1-C9 distance (bond formation) is shorter in the enzyme than in water. The two carboxylate C10-C11 distance is shorter in the enzyme because of stabilization by arginine residues, Arg14 and Arg31. Contrast, the two carboxylate groups move as far as possible in water because of electrostatic repulsion. Since the C3-O7-C8-C9 dihedral in the enzyme is distinct from that in water, C9 does not achieve the right orientation toward C1 in water, which is attained in the enzyme. The C3-O7-C8-C9 dihedral shows large changes in the uncatalyzed reaction during chemical reaction process. In water, chorismate shows more flexibility in the RS without the surrounding strained force. The entropy penalty is dominated by ordering the reactant.
For reaction process, the decreased enthalpy (2.1 kcal/mol, accounts for 60% of total reduced energy barrier) shows slightly larger contribution than entropy contribution. PchB tends to stabilize TS through electrostatic interaction. The shortened distance between O7 and Lys42 when chorismate changes from RS to TS displays the more favorable electrostatic interaction for binding TS (Table 3) .
Electrostatic interactions between chorismate and enzyme can be verified from the distance between heavy atoms of residues of the enzyme and substrate from the opposite atomic charges (Schematic figure is shown in Figure S6 ). Selected distances for chorismate and the closest residues of the enzyme are summarized in 
DISCUSSION
Herein conformation transformation step and chemical reaction step are combined to understand the reaction mechanism in PchB as shown in Figure 6 . Reactant compression occurs before Claisen rearrangement reaction in the active site. PchB shares some similarity with BsCM and EcCM and meantime shows its unique features. PchB binds uncompressed chorismate and convert it to compressed state.
The compressed state is stabilized by favorable interactions between chorismate and neighboring residues. The crystal structure represents one of stable states and cannot be used to infer the whole process of enzymatic reactions. For PchB, the existence of state R1 indicates that ordering of reactant cannot be ignored. The conformation transformation has been used to explain the catalytic mechanism.
However, no connection has been built to explain the entropy change of PchB catalyzed reaction. The ordering of substrate contributes to −10.5 cal/mol/K entropy change as estimated from QHA and Schilitter formula (Table S3 ). This ordering step may be coupled with reaction step. The reaction step is the ratelimiting step, and the free energy change during the reaction step is 12.1 kcal/mol.
The activation entropy is −3.4 cal/mol/K calculated in a rigorous way. The activation entropy is similar to that of EcCM that shares similar structural topology. This smaller entropy changes is consistent with conformational changes from compressed reactant to TS. The total entropy change in transformation process and in reaction process is −13.9 cal/mol/K, which is close to experimental value, −12.1 cal/mol/K. The overestimation is from QHA method which provides the upper limit of entropy change. The result is capable of elucidating the whole 13 reaction process. For large entropy process, the entropy can be estimated from QHA or Schilitter formula considering the convergence and computational cost.
For activation entropy process, entropy can be calculated from converged free energy changes. The agreement of calculated entropy with experimentally measured entropy illustrates that the measured entropy is actually the apparent entropy change. The measured entropy covers entropy from both ordering step and chemical reaction step. 
CONCLUSIONS
COMPUTATIONAL METHODS
X-ray structure of PchB with bound salicylate and pyruvate was selected as the starting structure (PDB ID: 3REM). 44 The original substrate was replaced by 14 chorismate through structural alignment. The complex of enzyme and substrate was solvated by TIP3P water model in periodic box. 45 The size of the solvent box was 80 × 80 × 80 Å. The chorismate was described using QM methods, while the rest of the systems was described by CHARMM27 force field with CMAP in this study. [46] [47] The simulation for apo form without substrate followed the same procedure after removing the substrate. The uncatalyzed reaction in water was solvated in a small box size 40 × 40 × 40 Å 3 with TIP3P water model. The long range electrostatic interaction was computed with the particle-mesh-ewald approach. [48] [49] The short-range interaction was calculated with a cutoff 8.0 Å, and that of medium-range interaction was calculated within the range 8.0-12.0 Å. The equations of motion were updated using the multiple time step algorithm for short-range interaction (1 fs), medium-range interaction (4 fs) and long rangerange interaction (8 fs), respectively. [50] [51] The full system was minimized and then warmed up gradually to 298K using the NPT ensemble for 1 ns. The whole system was further equilibrated using NVT ensemble in 1 ns MD simulations, and the temperature of system is maintained at 298K with Berendsen thermostat with relaxation time of 0.1 ps. 52 All simulations were performed using an in-house QM 4 D software package. 53 To verify further the conformational change in bound chorismate in active site of PchB, the C3-O7-C8-C9 dihedral was selected as the RC. Thirty-six US windows with a same interval of 10⁰ were used to cover −180⁰ to 180⁰ to drive conformational changes along the C3-O7-C8-C9 dihedral. The simulation time for each window in PchB was 10 ns, while it was 1 ns in water. PMF can be constructed using weighted histogram analysis method (WHAM).
54-55
The free energy calculation was performed by using QM/MM MD approach. To calculate free energy changes, the chorismate was treated by B3LYP/6-31G* basis set, while the rest was treated by CHARMM27 force field with CMAP in this study. 46-47 US method is expected to provide more accurate and reliable free energy. 56 This reaction coordinate is described by the antisymmetric combination of the C3-O7 and C1-C9 distances (denoted as RC). Simulation of the reaction was performed by using harmonic restraint at RC values ranging from −2.4 to 2.4 Å, with a step size of 0.1 Å. In each US window, a 20 ps production run was carried out for QM/MM MD simulation at the DFT level.
To further decompose the free energy into activation enthalpy and activation entropy, long timescale simulation is needed for sufficient sampling over the configuration space. To balance between the efficiency and accuracy, the simulation time of each window last 1 ns for the QM/MM MD simulation at the SCC-DFTB level. [35] [36] 
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